The polymerizations of n-butyl methylacrylate (nBMA) were carried out using bis(β-ketoamino)nickel(II) complexes (Ni[CH 3 C(O)CHC(NR)CH 3 ] 2 : R = phenyl, 1; R = naphthyl, 2) in combination with methylaluminoxane (MAO) in toluene. The effect of parameters such as polymerization temperature, Al/Ni molar ratios, polymerization time, and monomer concentration, on catalytic polymerization activity and polymer molecular weights, were examined in detail. Both of the nickel(II) catalytic systems exhibited moderate activity, and produced P(nBMA) with high molecular weight and relatively broad molecular weight distribution (M w /Mn=2.0~3.0. The obtained polymer has been characterized by means of FTIR, 1 H NMR, 13 C NMR, DSC, and WAXD technique and was confirmed to be syndio-rich stereospecific P(nBMA).
Introduction
The hard Lewis acid character of most early-transition-metal catalysts makes them incompatible with the presence of hard donor heteroatoms in the alkenes, because heteroatom coordination competes with double-bond coordination and prevents polymerization by an insertion route. Therefore, very few of the currently known earlytransition-metal-based insertion polymerization systems tolerate the presence of heteroatoms in the monomer. Although early transition metal Ziegler-Natta type complexes are used extensively for the polymerization of olefins, none have been able to promote the coordinating polymerization of polar monomers, especially for those alkenes bearing oxygen functionalities, such as alkyl acrylates [1] [2] [3] [4] . As a result, early-transition-metal catalysts used for polymerization of above polar monomers are commonly proceeded with either radical polymerization mechanism [5, 6] , or atom transfer radical polymerization (ATRP) mechanism [7, 8] , or group transfer polymerization (GTP) mechanism [9, 10] .
Since some earlier researches indicated that Groups V-VIII transition metal can promote some polar monomers to polymerize in the presence of trialkylaluminium compounds, metal-mediated vinyl coordinative insertion polymerization of polar monomers is an area of great current interest because of the control over polymer microstructure, molecular weight, and polydispersity [11] [12] [13] [14] [15] [16] . In the search for less acidic centers, attention has turned toward the late-transition-metal complexes [17] [18] [19] [20] . As is well known, late transition metal complexes are generally considered to be more tolerant toward polar media and polar functional groups due to their less oxophilic nature relative to early transition metal complexes, which make them attractive candidates for the development of catalysts for polar monomer polymerizations. Since Ni(acac) 2 -MAO catalyst system was first found to be an effective catalyst for the aspecific polymerization of MMA [21] , the Ni(II)-based and Pd(II)-based late transition metals catalysts are of particular interest in polymerization of polar monomers, such as acrylate (A), methacrylate (MA) methyl methacrylate (MMA), and tert-butyl methacrylate (tBMA). And different nickel complexes combined with methylaluminoxane (MAO) or modified methylalumin-oxane (MMAO) have been investigated to be used as the catalysts for insertion polymerization of alkyl acrylates [22] [23] [24] [25] . Nickel acetylacetonate, nickellocene, half-nickellocene and nickel (II) salicyldimnato complexes activated with MAO or MMAO all exhibited good catalytic activity for the polymerization of acrylate. Recently, Grubbs group [26] have developed very active neutral nickel catalysts that is tolerant to polar groups, but they are ineffective for acrylates. Novak et al. [27] and Sen et al. [28] described neutral palladium complexes active in the polymerization of acrylates. Kim and co-workers [29] reported that late transition metal complexes such as (α-diimine)nickel(II), (pyridyl bis-imine)iron(II) and (pyridyl bis-imine)cobalt(II), which are widely used for the polymerization of olefins, will also polymerize polar monomers such as MMA in combination with methylaluminoxane (MAO) to give syndiorich PMMA. We previously also reported that late transition metal nickel(II) complexes bearing β-ketiminato ligands [N,O] could polymerize MMA to give syndio-rich PMMA with relatively wide molecular weight distributions after activation with MAO [30, 31] . More recently, Jin et al. reported that nickel complexes with hydroxyindanone-imine ligands could polymerize MMA to give syndio-rich PMMA after activation with MAO [32] . Although the actual mechanism for MAO activated late transition metal complex assisted polymerization of polar monomers is still unclear (ionic, coordination or radical), the advantage of those systems is that they function under mild polymerization conditions with low metal complex concentrations, and the produced polymers exhibit substantial high molar masses with controlled molar mass distributions.
However, until now there were relatively few reports on the use of late transition metal nickel(II) complex catalysts for polymerization of tert-butyl methacrylate (tBMA). [33] To gain insight into the polymerization of n-butyl methacrylate (nBMA) by late transition metal catalysts, efforts are aimed at investigating the effects of some polymerization parameters on nBMA polymerization using bis(β-ketoamino)nickel(II)/ MAO catalytic systems, and a particular objective is to study the influence of electronic versus steric effects of these nickel complexes on butyl methylacrylate polymerization.
Results and discussion
In order to test the necessity of adding the Ni complexes with MAO for nBMA polymerization, blank experiments were first conducted by mixing nBMA with either bis(-ketoamino)nickel(II) or MAO alone or without either bis(β-ketoamino)nickel(II) or MAO at 60 °C for 20 h. It was found that nBMA did not polymerize in all the cases described above. Although acrylate monomers can coordinate with alkyl aluminum as reported early, the fact that nBMA show no polymerization activity by MAO alone indicated nBMA monomers did not coordinate with alkyl aluminum. Therefore, we think that the addition procedure of catalyst components, monomer, and others did not influence the polymerization. In addition, it is to be noted that the MAO solid used in this study was prepared by the hydrolysis of trimethylaluminum (TMA) with Al 2 (SO 4 ) 3 ⋅18H 2 O in toluene when the initial [H 2 O]:[TMA] molar ratio was controlled as 1.3 rather than 1.8 (described in Experimental part). MAO solid used in this study was finally obtained by toluene solvent evaporating under vacuum, and the free TMA was also removed along with toluene solvent under vacuum condition. Therefore only a few TMA remained in MAO which is not enough to coordinate with nBMA.
In this study, nickel complex is the single catalyst precursor, and methylaluminoxane (MAO) is the cocatalyst and plays an important role in promoting the polymerization of n-butyl methylacrylate (nBMA). As shown in Figure 1 , the catalyst polymerization activities as well as molecular weights of resulted polymers depend significantly on the Al/Ni molar ratio. The catalyst activities for both 1/MAO and 2/MAO systems rapidly increase at first with an increase in the Al/Ni molar ratio, and then level off at about constant values. The results indicate that the present nBMA polymerization is catalyzed by the cationic active species generated by MAO/Ni complex. For lower Al/Ni molar ratio, MAO would be depleted by the impurity of polymerization system and the amount left is enough to form active species with Ni complex. But with increase of the Al/Ni molar ratio, the concentration of the active Ni 2+ rapidly increases and reaches saturation after the limited Ni complex reactes completely with MAO.
The molecular weights (M w ) of polymer also show the trend that the molecular weights (M w ) of the polymer increase at first, and then rapidly decrease monotonously with an increase in the Al/Ni molar ratio, but molecular weight distribution is not changing obviously, and is relatively broad (M w /M n ≈2.0-3.0). It may be due to significant increase in the chain transfer rate at higher Al/Ni molar ratio. MAO is known to contain free trimethylaluminum (TMA). Excess of MAO will lead to a dramatic decrease in polymer molecular weight due to the chain transfer reaction to MAO and TMA. Polymerizations of n-butyl methylacrylate with 1/MAO and 2/MAO catalytic systems were performed in toluene under polymerization temperature (T p ) from 0 °C to 80 °C range while constant ratios of monomer to Ni complex and MAO to Ni complex were kept. As shown in Figure 2 , the catalytic activities obviously depend on polymerization temperature, and polymerization is able to proceed; catalytic activities are moderate. For both catalytic systems, there are almost no activities when polymerization temperature is less than 20 °C, and with an increase of polymerization temperature up to 60 °C, the catalyst activity increases rapidly, but leads to a sharp decrease as polymerization temperature (T p ) is further increased to 80 °C. The highest activity values were achieved at 60 °C for both catalytic systems. The results indicate that the stability of the active species is lost at higher temperature.
The molecular weights (M w ) of polymers were also strongly affected by the polymerization temperature. With polymerization temperature increasing, the molecular weights (M w ) of the polymer increase rapidly at first, and then decrease monotonously, but molecular weight distributions do not change much, and are relatively narrow (M w /M n ≈2.0~3.0). It may be due to the significant increase in chain transfer and chain termination rate at higher temperature. Comparing the activities of catalysts 1 and 2 at the same reaction conditions, it can be found that the activities of complex 2 is apparently higher than that of complex 1 for polymerization of nBMA at the studied temperature scope. This fact indicates that the catalyst activity depends on the structure of these nickel complexes. It is well known that steric bulk and electronic effects of the ligand could control the activation of the catalysts for olefin polymerization. Ni complex 2 with the chelating naphthyl ring substituents connected with the imino group has more steric bulk and a stronger electronic conjugation over a wider range than Ni complex 1 with the unique steric effect phenyl ring. The less steric effect of phenyl ring in Ni complex 1 seems to be favorable for monomer insertion into the active species generated from the reaction between the Ni complex precursors and MAO. Ni complex 2 with the chelating naphthyl has electron-conjugation effect, which disperses the electron cloud density of Ni 2+ (active species) and weakens the Ni-C bond, and thus is favorable to the coordination of monomer to Ni 2+ active species. As a result, electronic effect of catalyst plays more important role in polymerization of nBMA than steric effect, which is in contrast to polymerization of styrene by the same catalytic system under similar polymerization conditions [34] . Considerable effects of the molar ratio of monomer to catalyst on the catalyst activities and the molecular weight of polymer were also observed ( Figure 4) . The catalytic activities of polymerization of nBMA increase linearly with increasing the nBMA/Ni molar ratio (monomer concentration), and then drop down after further increasing the nBMA/Ni molar ratio to 16000. The molecular weights (M w ) of PnBMA exhibit similar trend with increase of nBMA/Ni molar ratio. In order to get the products with higher conversion and high molecular weight, the optimum molar ratio of monomer to catalyst are considered to be ca.13000 for both catalytic systems. The catalytic activity and molecular weight descend at above nBMA/Ni molar ratio of 13000. These suggest that chain transfer to monomer increases with increase of monomer concentration. The FT-IR spectra of the typical polymers obtained by 1 and 2/MAO catalytic systems at 60 °C are similar ( Figure 5 ). As expected, the FT-IR spectra of the polymers show the characteristic absorption bands in poly(n-butyl methylacrylate) units. The characteristic absorption bands appearing around 1725 cm -1 can be assigned to the absorption of ester carbonyl (C=O) in poly(n-butyl methylacrylate). The absorption band at around 1600 cm -1 was not observed, which is assigned to the characteristic signal of the C=C in n-butyl methylacrylate momomer units. The results indicated that those catalytic systems can efficiently polymerize n-butyl methylacrylate to give poly(n-butyl methylacrylate).
Figures 6 and 7 show typical 1 H and 13 C NMR spectra for poly(n-butyl methylacrylate) obtained from 2/MAO catalyst system at 60 °C and determined at room temperature in CDCl 3 solution. The NMR spectra were similar to those of PnBMA reported in literature [35] . As seen in Figure 6, 
/MAO).[31]
In addition, when the molar of n(Al)/n(Ni)=580, and nBMA/Ni=16000, in fact, the molar ratio of nBMA/MAO=27.6, the polymerization system obviously become viscous and activity decrease due to the embedding activity centre (described in Figure 4 ). But the tactic structure of produced PnBMA did not change obviously. 1 H-NMR spectrum of PnBMA obtained by 2/MAO catalytic system. Conditions:
-4 mol/L; n(Al)/n(Ni)=580; C [nBMA] =3mol/L; T p =60°C; t p =1h; Vp=21mL.
In Figure 7 , the chemical shifts appearing at 177.5, 64.8, 54.3, 44.7, 30.2, 19.4, 16.7, and 13.2 ppm are attributable to carbon of ester, methylene carbon adjacent to ester, methylene carbon in backbone, quaternary carbon in backbone, methylene carbon next to OCH 2 , methylene carbon adjacent to CH 3 in butyl, methyl carbon connected to backbone, and methyl carbon in butyl, respectively. 4 °C for poly(n-butyl methylacrylate) obtained by 1/MAO catalytic system and at T g = 33.0 °C for poly(n-butyl methylacrylate) obtained by 2/MAO catalytic system, are observed, respectively. The T g values are significantly higher than that of commercial atactic poly(n-butyl methylacrylate)( T g = 20 °C) [35] . Figure 9 is the WAXD diagram of poly(n-butyl methylacrylate) obtained by 1 and 2/MAO at 60 °C. There appear one narrow and strong intensity diffraction peak at diffraction angle 2θ =18.0°, and two wide and weak intensity diffract peaks at diffraction angle 2θ =7.38° and 29.8°, respectively. The narrow and strong diffraction peaks arise by partial order of polymer molecular chain, which confirms that the obtained polymers are of partial stereospecificity. 
Conclusions
The n-butyl methylacrylate (nBMA) was successfully polymerized using late transition metal catalysts based on bis(β-ketoamino)nickel(II) complexes as catalyst precursors after being activated with MAO. Both catalytic systems exhibited moderate activity for polymerization of n-butyl methylacrylate, and polymerization gave high molecular weight of poly(n-butyl methylacrylate) with relative broad molecular weight distribution (M w /M n ≈2.0-3.0). For both catalytic systems, the catalyst activities rapidly increase at first with an increase in the Al/Ni molar ratio, and then level off at about constant values. Both catalytic systems are able to proceed at the scope of temperature from 40 to 80 °C in toluene, the activities of complex 2 is apparently higher than that of complex 1 at the scope of temperature from 40 to 80 °C. The Ni compound 2 with the chelating naphthyl ring substituent connected with the imino group has more steric bulk and a stronger electronic conjugation over a wider range than Ni compound 1 with the unique steric effect phenyl ring. The electronic effect of catalyst plays more important role in polymerization of nBMA than steric effect. The obtained polymer was confirmed to be of syndio-rich stereospecificity by analyzing the stereo-triad distributions mm, mr, and rr of methylene proton of polymer backbone in NMR spectrum.
Experimental part
All manipulations involving air-and moisture-sensitive compounds were performed under a dried and purified argon atmosphere standard glove box and using Schlenk techniques. Toluene was dried over sodium/benzophenone and distilled under argon prior to use. Other solvents were purified using standard procedures. Butyl methylacrylate (BMA) was purified by washing twice with aqueous sodium hydroxide (5 wt%) and twice with water for removing inhibitors, followed by drying over anhydrous MgSO 4 , which were employed to act as catalysts for polymerization of n-butyl methylacrylate after activation with MAO, were synthesized according to the method reported in our previous work [30] . The complexes were prepared by two step procedure, which consisted of a condensation reaction between a β-diketo compound and one equivalent of an aromatic amine to afford the respective β-ketoamine ligands which were subsequently deprotoned by using tert-BuOK strong alkali, and exposure to the desired nickel for complexation by mixing with
All procedures for polymerization were carried out under purified argon atmosphere. A typical polymerization procedure is as follows: into a 50mL two-necked roundbottomed flask containing a magnetic stir bar, the appropriate MAO solid and 10 mL of toluene as solvent were added in turn, shook to obtain a homogeneous solution, and then 10 mL of n-butyl methylacrylate monomer were injected. After an appropriate amount of fresh Ni(II) catalyst solution (in toluene, 0.005 mol/L) was injected into the reaction solution, the mixture kept at a constant temperature for a definite reaction time. The polymerization was stopped by addition of ethanol/HCl 5% (v/v). The resulting precipitation was collected, filtered, washed with EtOH for several times, and then dried in vacuum at 50 °C to a constant weight. The polymerization yield was determined by gravimetry. Unless otherwise stated, the total reaction volume was kept in 21 mL by variation of the amount of toluene if necessary.
The molecular weights (M w and M n ) and molar mass distributions (M w /M n ) of the polymers were measured by gel permeation chromatography (GPC) using a Breeze Waters system consisting of a Rheodyne injector, a 1515 Isocratic pump and a Waters 2414 differential refractometer. GPC was performed in tetrahydrofuran. 200 μL of solution (about 3% w/v) was injected through a Styragel column set, Styragel HT3 and HT4 (19 mm × 300 mm, 10 3 +10 4 Å), at a flow rate of 1.0 mL/min, to separate MW ranging from 10 2 to 10 6 . The temperature of columns (separation) was maintained at 40 °C, while the temperature of refractometer detectors was set at 40 °C. The instrument was calibrated with monodisperse polystyrene standards. The proton and carbon nuclear magnetic resonance ( 1 H and 13 C NMR) spectra of polymer were recorded on a Bruker ARX 400 NMR spectrometer using chloroform-d as solvent and tetramethylsilane (TMS, δ = 0) as internal reference. FTIR spectra were measured on a Shimadzu IRPrestige-21 FT-IR spectrophotometer using the KBr method. The thermal properties of poly(n-butyl methylacrylate) were determined by a TAQ10 differential scanning calorimeter with a constant heating/cooling rate of 10 °C/min. The wide angle X-ray diffraction (WAXD) curves of the poly(n-butyl methylacrylate) powders were obtained using a RINT220 Diffractometer, with Cu K α monochromatic radiation at a wavelength of 1.54 Å. Scanning was performed with 2θ ranging from 3 to 60°.
